The neuropeptide oxytocin (OT) plays a critical role in modulating social behavior across a wide range of vertebrate species. In humans, intranasal oxytocin (INOT) has been shown to modulate various aspects of social behavior, such as empathy, trust, in-group preference, and memory of socially relevant cues. Most INOT studies employ cross-sectional designs despite the enhanced statistical power and reduction in error variance associated with individual differences characteristic of within-subject designs. Using the Prisoner Dilemma task, which models a reallife dyadic social interaction, our group has systematically explored the effect of INOT on social cooperation and non-cooperation using a cross-sectional design. In the current study, we investigated if the main findings from our cross-sectional study could be replicated in a withinsubject design using the same paradigm and whether new findings would emerge. We found OT to attenuate the ventral tegmental area response to reciprocated cooperation in women, an effect that is also present in our cross-sectional sample. However, other cross-sectional findings, especially those found in men, were not observed in this within-subject study. We hypothesize that the discrepancy can be explained by differing OT effects based on the degree of stimulus novelty/ familiarity. Our within-subject study also revealed new effects not found previously in our crosssectional study. Most importantly, OT treatment on scan 2 blocked amygdala habituation to unreciprocated cooperation found in a group that received placebo on both scans among men. Our results suggest that exogenous OT reduces the salience of positive social interactions among women and prevents habituation to negative social interactions among men. These findings may have implications for the potential clinical utility of OT as a treatment for psychiatric disorders.
Introduction
The neuropeptide oxytocin (OT) plays a critical role in modulating social behavior across a wide range of vertebrate species (Goodson and Thompson, 2010) . In humans, oxytocin has been shown to modulate various aspects of social behavior, such as empathy (Shamay-Tsoory et al., 2013) , trust (Baumgartner et al., 2008) , in-group preference (De Dreu et al., 2010) , and memory of socially relevant cues (Domes et al., 2007a; Gamer et al., 2010; Groppe et al., 2013) .
Most intranasal oxytocin (INOT) studies employ cross-sectional designs despite the enhanced statistical power and reduction in error variance associated with individual differences characteristic of within-subject designs. However, a small number of withinsubject, longitudinal studies have been published. In one study, INOT was found to attenuate amygdala responses to emotional faces regardless of valence (Domes et al., 2007a) . In another, INOT improved "mind-reading" (Domes et al., 2007b) . A third study found INOT to impair memory for social and non-social visual objects (Herzmann et al., 2012) . A fourth study showed that INOT attenuated empathy-related activation within the neural circuitry of pain (Bos et al., 2015) . Finally, INOT was found to enhance paternal sensitivity and decrease hostility in interactions with both typically developing children (Naber et al., 2010) , as well as children with autism spectrum disorder (Naber et al., 2013) .
Using the Prisoner Dilemma (PD) task, which models a real-life dyadic social interaction, our group has systematically explored the effect of INOT on social cooperation and noncooperation. Relative to placebo, INOT increases the caudate nucleus BOLD response to reciprocated cooperation (a social interaction with positive valence) in men (Feng et al., 2015a) . In women, however, INOT decreases the caudate nucleus response to the same stimulus, providing direct evidence for a sex difference in INOT effects on the neural response to positive social interactions. INOT was also shown to attenuate the amygdala and anterior insula response to unreciprocated cooperation (a social interaction with negative valence) in men, but not women (Chen et al., 2016) . Finally, we found that the above mentioned INOT augmentation of the caudate response to reciprocated cooperation in men was restricted to those carrying the GG genotype at snp rs53576 of OXTR (Feng et al., 2015b) . All of our above findings are based on cross-sectional, between-subject designs.
In the current study, we investigated if the main findings from our cross-sectional study could be replicated in a within-subject design using the same paradigm. This is, to our knowledge, the first double-blind, placebo-controlled, within-subject fMRI study that systematically explored the effect of INOT on social cooperation in the both men and women. A potential weakness of within-subject designs is that subjects may habituate to the task upon repeated exposure, attenuating brain activation at time 2 relative to time 1. This concern is usually addressed by counterbalancing the order of treatment and placebo (PBO) administration so that half of the participants receive treatment on scan 1 and placebo on scan 2 (OT-PBO) and the other half receive the opposite (PBO-OT). Any significant effects of the treatment in the combined sample cannot be attributed to habituation. However, OT has well-known learning effects (Modi and Young, 2012; Sarnyai and Kovacs, 2014) , raising the possibility that OT treatment at scan 1 could have effects on brain activation in the placebo group at time 2, rendering scan 2 an inappropriate baseline. To address this possibility, we include a third group that received placebo on both scans (PBO-PBO). PBO-PBO and OT-PBO groups can be compared at scan 2 to identify OT effects at scan 1 that persist to scan 2 (learning effects), controlling for habituation effects. If learning effects are not observed, then OT-PBO and PBO-OT groups can be combined for increased power to detect OT effects, controlling for habituation. If learning effects are found, then PBO-PBO can be compared with PBO-OT to isolate OT effects in the absence of learning effects and controlling for habituation. However, even without learning effects, this comparison could reveal any effects of OT on habituation responses.
We find no evidence of OT learning effects on brain activation in response to positive or negative social interactions, allowing us to pool OT-PBO and PBO-OT groups. This revealed OT attenuation of the ventral tegmental area (VTA) response to reciprocated cooperation in women, an effect that is also present in our cross-sectional sample. However, other crosssectional findings, especially those found in men, did not replicate in this within-subject design. On the other hand, the within-subject design revealed some new effects not found previously in our cross-sectional study. Most importantly, OT treatment on scan 2 blocked amygdala habituation to CD outcomes found in the PBO-PBO group among men.
Methods

Subjects
Forty-five men and forty-five women from the Emory University community between the ages of 18 and 22 (mean (SD) = 20.5 (1.4) years for women, and 20.9 (1.6) for men), were randomized to three treatments: 14 men/15 women received 24 IU intranasal OT on session 1 and placebo on session 2 (OT-PBO), 15 men/15 women received placebo on session 1 and 24 IU intranasal OT on session 2 (PBO-OT), and 16 men/15 women received placebo on both sessions 1 and 2 (PBO-PBO). For each subject, we attempted to collect both sessions within a 2-week time period (mean (SD) = 9.4 (4.3) days, min = 1 day and max = 17 days). There was no difference in scan interval among the three treatment groups (F(2,41) = 1.36, p = 0.27 for men; F(2,42) = 0.24, p = 0.79 for women). Randomization was performed by the Emory University Investigational Drug Service (IDS) using Research Randomizer (http:// www.randomizer.org).
All subjects gave written informed consent, and the study was approved by the Emory University Institutional Review Board and the U.S. Food and Drug Administration. Four male and six female subjects were excluded from the neuroimaging analysis for either one or both sessions for a variety of reasons: 1) excessive motion (>1.5 mm) (1 female OT-PBO and 1 female PBO-PBO); 2) missing data (2 male PBO-PBOs and 1 female PBO-PBO had missing behavioral data, 1 male OT-PBO had missing neuroimaging data); and 3) lacking outcomes of interest (CChuman or CDhuman) (1 male PBO-PBO, 3 female PBO-PBOs).
The resulting sample size for analysis was CChuman (PBO-OT: 15 men, 15 women; PBO-PBO: 13 men, 10 women; OT-PBO: 13 men, 14 women) and CDhuman (PBO-OT: 15 men, 15 women; PBO-PBO: 13 men, 11 women; OT-PBO: 13 men, 14 women). Note that for 22 men and 35 women in the current within-subject cohort, scan 1 was analyzed in both the previous cross-sectional and the current within-subject study. Thus, the two samples are not completely independent.
Preparation of study medication and details of randomization were maintained by the Emory IDS and all study personnel were blind to group assignment. Administration of 24 IU oxytocin was generally safe. None of the subjects developed any major side effects of the study medication, including anaphylaxis.
Prisoner dilemma (PD) task
The iterated Prisoner's Dilemma (PD) game is a model for relationships based on reciprocal altruism. In the game, two players choose to either cooperate or defect and receive a payoff that depends upon the interaction of their respective choices. The game version we use here is a sequential-choice PD game in which player 1 chooses and player 2 is then able to view player 1's choice before making his own choice. Each of the four outcomes is associated with a different payoff. Player cooperation followed by partner cooperation (CC) pays $2 to both player and partner, player cooperation followed by partner defection (CD) pays $0 to the player and $3 to the partner, player defection followed by partner defection (DD) pays $1 to both player and partner, and player defection followed by partner cooperation (DC) pays $3 to the player and $0 to the partner (see Fig. S1A for the pay-off matrix). All subjects first completed a PD tutorial and two practice trials. We aimed to start both the task and fMRI scan at 40 min after drug administration. In actuality, this time period averaged 42 min across subjects. Prior to the start of each game, the visual display inside the scanner showed a picture of the partner the subject was about to play the game with. While being scanned with fMRI, subjects played 30 rounds of a sequential-choice, iterated PD game in four separate runs. For two runs, subjects were told they were playing with a human partner (a same sex confederate that was introduced to the subject prior to the experiment). For the other two runs, subjects were told they were playing with a computer partner. In actuality, subjects were always playing with a pre-programmed computer algorithm described in (Rilling et al., 2012) . For both human and computer partners, in one of the two runs, subjects played in the role of first mover (player 1) and their partner played in the role of second mover (player 2). In the other run, roles were reversed. The order of human and computer runs was counterbalanced across subjects so that half of the subjects were scanned in the order: player 1 with human partner (H1), player 2 with human partner (H2), player 1 with computer partner (C1), player 2 with computer partner (C2), and the other half were scanned in the order: C1, C2, H1, H2. In this paper, we restrict our analyses to the player 1 data with human partners. After scanning, subjects were asked several questions about their experience during the PD game. Subjects were compensated with a total of approximately $120; the exact amount was obtained by multiplying the total earnings across both runs by 2/3. A timeline for a single PD trial is depicted in Fig. S1B . At the beginning of each round, the round number and partner's photo were displayed for 2 s. Player 1 then had 4 s to choose to cooperate or defect. Players were informed that if they did not decide within this 4 s interval, their response would default to defection. Player 1's choice was immediately revealed to player 2 and displayed for 1 s. A variable length fixation epoch of either 2, 4 or 6 s followed. Afterwards, player 2 had 4 s to cooperate or defect. Once player 2 decided, the outcome of the round was displayed for 4 s. Finally, the trial concluded with another variable length fixation epoch of either 2, 4 or 6 s. Trials were approximately 20 s long. Five null trials were interspersed among 30 PD trials in each run. Null trials consisted of 14 s of fixation. One run lasted approximately 12 min. All four runs lasted about 48 min.
Behavioral measures and emotion ratings
Given the aim of the current study was to examine OT effects on reciprocated cooperation and unreciprocated cooperation, three relevant behavioral measures were examined for each subject in each run: the total number of cooperate choices (#C), the probability of cooperating in the current round following reciprocated cooperation in the previous round (pC/CC), and the probability of cooperating in the current round following unreciprocated cooperation in the previous round (pC/CD). For each behavioral variable, three different analyses were conducted. (1) To examine a potential learning effect of OT on the behavior, the second scans of the PBO-PBO and OT-PBO groups were compared with a two-sample ttest; (2) In the absence of learning effects, paired t-tests were used to compare the OT and PBO treatment after combining the PBO-OT and OT-PBO groups; (3) If analysis 1 did reveal learning effects, then PBO-OT and PBO-PBO groups were analyzed with a two-way repeated-measures ANOVA to examine the within-subject effect of OT in the absence of OT learning effects and controlling for habituation effects. An OT effect is indicated by a significant interaction term. Even in the absence of learning effects as revealed by analy-sis1, this model (analysis 3) was used to reveal potential OT effects on habituation responses. The above three analyses were done in IBM SPSS Statistics 23.0 (IBM Corp., Armonk, NY).
After each of the four 30-round runs, while still in the scanner, subjects rated their emotional reaction to the four PD game outcomes (CC, CD, DC, and DD). Seven-point Likert scales were used to rate the following emotions or feelings: afraid, angry, happy, guilty, disappointed and relieved. For reciprocated cooperation, a positive social interaction, we analyzed ratings of happy and relieved. For unreciprocated cooperation, a negative social interaction, we analyzed ratings of afraid, angry, and disappointed. Emotion ratings were analyzed as indicated above for the behavioral data.
Plasma estradiol assay
Estrogen is known to induce OT receptors (Champagne et al., 2001; Pedersen et al., 1994) , which leads to the prediction that OT effects on brain activation should be more pronounced when estrogen levels are high. Plasma samples were assayed for estradiol in three separate batches by the Biomarkers Core Lab at Yerkes National Primate Research Center. Among all 45 women, thirty-four (34) subjects (9 OT-PBO, 12 PBO-PBO, and 13 PBO-OT) had valid estradiol measurements for both sessions. Fourteen subjects (9 OT-PBO, 2 PBO-PBO, and 3 PBO-OT) were assayed in batch 1, 11 subjects (5 PBO-PBO, 6 PBO-OT) were assayed in batch 2, and 9 subjects (5 PBO-PBO, 4 PBO-OT) were assayed in batch 3. Results from all 3 assay batches were pooled together for subsequent analysis. This is justified by strict calibration and quality control procedures across batches. Related samples Wilcoxon Signed Rank test was used to test for a difference in plasma estradiol level between scan 1 and scan 2 for each of the 3 batches separately and combined.
Neuroimaging data collection
A T1-weighted structural image and blood-oxygenation-level-dependent (BOLD) functional MRI images were collected from each subject using a 3 Tesla Siemens Trio MRI scanner (Siemens Medical System, Malvern, PA, USA).
High-resolution T1-weighted images were acquired using a 3D magnetization-prepared rapid gradient-echo (MPRAGE) sequence with a GRAPPA factor of 2. The T1 scan protocol, optimized for 3 Tesla, used the following imaging parameters: a repetition time/ inversion time/echo time (TR/TI/TE) of 2600/900/3.02 ms, a flip angle of 8°, a volume of view of 256 × 256 × 176 mm 3 , a matrix of 256 × 256 × 176, and isotropic spatial resolution of 1.0 × 1.0 × 1.0 mm 3 , one average. Total T1 scan time was approximately 5 min.
T2*-weighted images were collected using an Echo-Planar Imaging (EPI) sequence for BOLD fMRI. EPI images were collected in an interleaved fashion with the following imaging parameters selected to minimize susceptibility and distortion artifacts in the orbitofrontal cortex: TR = 2000 ms, TE = 28 ms, matrix = 64 × 64, FOV = 224 mm, in-plane resolution 3.5 mm, slice thickness = 2.5 mm, and 34 axial slices with a gap of 1.05 mm in between. During fMRI scanning, subjects performed 30 rounds of a sequential-choice, iterated PD game with putative same sex human partners. The total fMRI scan time was approximately 48 min (12 min per run).
Neuroimaging data analysis
The analysis was conducted with the Oxford Center for Functional Magnetic Resonance Imaging of the Brain's software library (FSL, http://www.fmrib.ox.ac.uk/fsl/).
Individual level analysis-The preprocessing pipeline of the fMRI data involves
(1) motion correction using the MCFLIRT (Jenkinson et al., 2002) , (2) non-brain tissue removal using the BET (Smith, 2002) , (3) slice timing correction, (4) high-pass temporal filtering with a cut-off of 100s, (5) spatially smoothing with a Gaussian kernel of full-width at half maximum (FWHM) of 5 mm, and (6) normalizing to MNI space via corresponding extracted T1 brain using Boundary-Based-Registration (Greve and Fischl, 2009 ).
The preprocessed fMRI data were analyzed using the general linear model (GLM) for univariate statistical analysis. For each individual subject in each run, a separate GLM was constructed to examine the neural response to both the epoch in which the choice to cooperate or defect was made, as well as to the epoch in which the game outcome was revealed. More specifically, the following regressors were defined for each run of each subject: (1) the beginning epoch when round number and the partner's face were displayed, (2) the choice epoch when the subject chose to cooperate (Choice C), (3) the choice epoch when the subject chose to defect (Choice D), (4) CC outcomes, (5) CD outcomes, (6) DC outcomes, and (7) DD outcomes. For each individual GLM, contrasts of CC and CD were specified to compare BOLD response to CC and CD respectively with baseline. The individual-level GLM was implemented using FILM (FMRIB's Improved Linear Model).
Group level analysis-Both
Region of Interest (ROI) and whole brain analyses were conducted at the group level for each sex and each condition (CC or CD).
Region of interest (ROI) analysis:
For each condition, we defined ROIs based on our previous cross-sectional findings (Chen et al., 2016; Feng et al., 2015a) to determine if the current within-subject data showed similar effects. These ROIs were defined as a 10 × 10 × 10 mm 3 cube centered at the local maxima of the activation within a particular brain structure.
In men, a-priori ROIs were defined as the regions of the nucleus accumbens and caudate nucleus activated in the contrast CC (OT > PBO) (Family-wise error(FWE)-corrected cluster p < 0.05 with voxel-wise p < 0.05). For the response to CD, a priori ROIs for men were based on the male cross-sectional findings of CD (OT < PBO) (FWE corrected cluster p < 0.05 with voxel-wise p < 0.05) and include the anterior insula and the amygdala.
The a-priori ROIs for women are based on the female cross-sectional findings of CC (OT <PBO) (FWE corrected cluster p < 0.05 with voxel-wise p < 0.005) and include, left hippocampus, posterior cingulate cortex (PCC), right ventral lateral prefrontal cortex (VLPFC), posterior cingulate gyrus, rostral anterior cingulate cortex (ACC), postcentral cortex, supplementary motor area (SMA, precentral), thalamus, posterior insula, and superior temporal sulcus/middle temporal gyrus (STS/MTG). For CD outcomes, no a-priori ROIs were defined for women because no significant activation was found in the crosssectional study.
For each ROI, the average BOLD signal was analyzed with 3 different models. (1) To examine a potential learning effect of OT on the neural response to reciprocated and unreciprocated cooperation (CC/CD), the 2nd scans of the PBO-PBO and OT-PBO groups were compared with a 2-sample t-test; (2) If no learning effects were detected in analysis 1, then paired t-tests were used to compare the OT and PBO groups after combining the PBO-OT and OT-PBO groups to examine the within-subject effect of OT under the assumption of no OT learning effects and counterbalancing habituation effects; (3) If analysis 1 did reveal learning effects, then PBO-OT and PBO-PBO groups were analyzed with a two-way repeated-measures ANOVA to examine the within-subject effect of OT in the absence of OT learning effects and controlling for habituation effects. An OT effect is indicated by a significant interaction term. Finally, even in the absence of learning effects as revealed by analysis1, this model was used to reveal potential OT effects on habituation responses. family-wise error (FWE)-corrected cluster significance threshold of p < 0.05 was applied to the suprathreshold clusters. Functional ROIs were specified on the activation maps and applied to the larger cross-sectional cohort to see if the findings from the two studies replicated. There is some overlap in the sample between the cross-sectional and our current within-subject studies. To provide a completely independent test, we also re-ran this analysis after excluding subjects from the cross-sectional sample who were also in the within-subject sample.
To explore the potential modulation by estradiol of OT effects on the neural response to CC and CD in women, for the second group-level neuroimage analysis specified above, we examined the correlation between plasma estradiol levels (after OT administration) and the magnitude of OT-induced effects on brain activation. We also employed a repeated measure ANCOVA model (which is mathematically an expansion of the second group-level neuroimage analysis specified above by including estradiol for OT and PBO as separate covariates) to see if plasma estradiol level modulates OT effects in any brain region.
All statistical tests were implemented in IBM SPSS Statistics 23.0 (IBM Corp., Armonk, NY).
Other methodological details that are not directly related to the theme of this manuscript, such as the preparation and the administration of drugs, monitoring of vital signs, Positive and Negative Affect Schedule (PANAS) ratings, and confederate introductions, are described in (Rilling et al., 2012) .
Results
Behavior
Between-subject learning effects of OT-Two sample t-tests revealed no
significant group difference in any of the three behavioral measures between the 2nd scans in the PBO-PBO and OT-PBO groups in either men or women.
Within-subject effects of OT, assuming no learning effects and counterbalancing habituation effects (OT-PBO + PBO-OT)-
For both men and women, OT had no effect on the number of cooperate choices, the behavioral response to reciprocated cooperation in the previous round (the probability of cooperating after a CC outcome), or the behavioral response to unreciprocated cooperation in the previous round (the probability of cooperating after a CD outcome). All p > 0.05.
Emotion ratings
Between-subject learning effects of OT-After multiple comparison
correction, there was no significant difference on any emotion ratings in response to either CC or CD outcomes between the 2nd scans in the PBO-PBO and OT-PBO groups, in either men or women.
Within-subject effects of OT, assuming no learning effects and counterbalancing habituation effects (OT-PBO + PBO-OT)-
OT treatment did not alter any emotion ratings in either men or women. All p > 0.05.
Within-subject effects of OT, in the absence of OT learning effects and controlling for habituation effects (PBO-OT vs. PBO-PBO)
-After multiple comparison correction, there was no significant interaction between scan number (1st vs. 2nd scan) and treatment (OT vs. PBO) on any emotion ratings in response to either CC or CD outcomes, in either men or women.
Plasma estradiol concentration in females
Nine subjects from the OT-PBO group, 12 subjects from the PBO-PBO group, and 13 subjects from the PBO-OT group had valid plasma estradiol measurements for both sessions. There was no significant difference in plasma estradiol level between scan 1 and scan 2 for each of the three categories separately and for all three combined. All p > 0.05.
Neuroimaging
ROI analysis
Reciprocated cooperation (CC):
Men: In our previous cross-sectional study, OT augmented the BOLD response to CC outcomes in both the caudate nucleus and nucleus accumbens (NAcc). However, OT did not augment the BOLD response to CC outcomes in these regions in the current, within-subject study. There was no significant learning effect of OT on the neural response to reciprocated cooperation (CC) in either the caudate or NAcc. Therefore, we combined the OT-PBO and PBO-OT groups, but found no significant effect of OT compared with PBO (t (27) = −0.36, p = 0.72 for caudate; t(27) = −1.28, p = 0.21 for NAcc). Finally, to test for effects of OT on habituation responses, we compared PBO-OT with PBO-PBO and found no significant interaction between scan number (1st vs. 2nd scan) and drug treatment (OT vs. PBO) (F(1,26) = 0.76, p = 0.39 for caudate; F(1,26) = 0.05, p = 0.82 for NAcc). Recently we found that OT effects on the neural response to social cooperation in the caudate was specific to the rs53576 GG genotype. Hence we also limited the ROI analysis to men with rs53576 GG, but again found no effects. (Fig. S2) .
Women: In our previous cross-sectional study, OT attenuated the BOLD response to CC outcomes in left hippocampus, left STS/MTG, posterior cingulate cortex (PCC), post central cortex, supplementary motor cortex (SMA, precentral), thalamus, (posterior) insular, right ventral lateral prefrontal cortex (VLPFC), posterior cingulate cortex and rostral ACC (corrected p < 0.05 based on the cluster-extent with voxel-wise p < 0.005). These regions were defined as a-priori ROIs. There were no significant learning effects of OT on the neural response to reciprocated cooperation (CC) in any of the 10 ROIs. However, combining the OT-PBO and PBO-OT groups, OT significantly attenuated the BOLD response to CC in VLPFC (t(28) = 2.58, p < 0.05), rostral ACC (t(28) = 2.26, p = 0.03), posterior insula (t(28) = 2.06, p < 0.05), and post central gyrus (t(28) = 2.38, p = 0.02). (Figs. 1 & S3 ). Finally, comparing PBO-OT with PBO-PBO revealed no significant interaction between scan number (1st vs. 2nd scan) and drug treatment (OT vs. PBO) in any of the 10 ROIs.
Unreciprocated cooperation (CD):
Men: In our previous cross-sectional study, OT attenuated the BOLD response to CD outcomes in the amygdala and anterior insula. In the present study, OT did not have any significant learning effect on the neural response to unreciprocated cooperation (CD) in either the amygdala or the anterior insula. Combining the OT-PBO and PBO-OT groups, OT had no significant effect on the response to CD in either the amygdala or the anterior insula. Finally, comparing PBO-OT with PBO-PBO, there was a significant interaction between scan number (1st vs. 2nd scan) and drug treatment (OT vs. PBO) in the amygdala (F(1,26) = 9.85, p = 0.004) but not the anterior insula (Fig. 2) . However, post-hoc comparisons did not find OT to decrease the amygdala response as expected based on our cross-sectional data. Instead, there was a significant amygdala habituation effect for the PBO-PBO group (t(12) = −2.88, p = 0.01) that was not present in the PBO-OT group (t(14) = 1.36, p = 0.20). Thus, OT prevented amygdala habituation to CD outcomes in men.
Women: No ROI was specified because no activation was found in our previous crosssectional study.
Whole brain analysis
Between-subject learning effects of OT:
For both CC and CD outcomes in both men and women, there was no significant group difference over the 2nd scans between the PBO-PBO and OT-PBO groups in any brain region.
Within-subject effects of OT, assuming no learning effects and counterbalancing habituation effects (OT-PBO + PBO-OT):
In men, OT treatment had no effect on activation to CC outcomes in any brain region. In women, however, OT attenuated the BOLD response to reciprocated cooperation in the ventral tegmental area (VTA) (Fig. 3A) (peak: MNI x = 6 mm, y = −26 mm, z = −18 mm, Z = 4.39), and VTA was the only brain region affected by OT. Average BOLD signal change in VTA (mean ± s.e.m.) is illustrated in Fig. 3B as a function of order of drug administration, which shows that the effect of OT was independent of the order of drug administration (Fig. 3B ).
To determine if this effect of OT on VTA activation was also present in our cross-sectional sample at a statistical threshold below what we previously reported, the VTA activation was defined as a functional ROI and applied to our previous cross-sectional data (PBO, n = 46; OT, n = 47) (Rilling et al., 2014) . Within the cross-sectional sample, the VTA BOLD signal of the OT group was significantly lower than that of the PBO group (p < 0.005) (Fig. 3C) . However, there is overlap in the sample from the two studies. To provide a completely independent test of this effect, we also re-ran this analysis after excluding subjects from the cross-sectional sample who were also in the within-subject sample. When this is done, the OT group (n = 33) still has significantly less VTA activation relative to the placebo group (n = 36) (p < 0.05) (Fig. 3D) .
The magnitude of the OT effect in the VTA was significantly (r = −0.49, p = 0.007) negatively correlated with the VTA response to CC outcomes in the placebo condition (Fig.  4) . Thus, subjects with a stronger VTA response to CC outcomes at baseline experienced the largest OT-induced decrease in VTA response to CC outcomes.
Finally, for both men and women, OT treatment did not significantly influence activation to CD outcomes in any brain region.
Within-subject effects of OT, in the absence of OT learning effects and controlling for habituation effects (PBO-OT vs. PBO-PBO):
For both CC and CD outcomes in both men and women, there was no significant interaction between scan number (1st vs. 2nd scan) and drug treatment (OT vs. PBO) in any brain region.
Estradiol modulation of OT effect on brain activity:
Within the VTA functional ROI, there was no significant correlation between plasma estradiol levels and the magnitude of OT-induced attenuation of VTA activation to CC outcomes (r = −0.25, p = 0.27). In addition, estradiol did not significantly modulate OT effects on the response to either CC or CD outcomes in a whole brain ANOVA analysis.
Discussion
The goal of the current study was to determine if our previous cross-sectional findings of OT effects on brain function during dyadic social interactions could be replicated and extended in a statistically more powerful within-subject design using the same paradigm. Two of our previous findings did not replicate. These include (1) INOT augmented the caudate nucleus response to reciprocated cooperation (CC) in men and attenuated the caudate nucleus response to reciprocated cooperation (CC) in women (Feng et al., 2015a) , and (2) INOT attenuated the amygdala and anterior insula response to unreciprocated cooperation (CD) in men but not women (Chen et al., 2016) . However, we did identify several regions in which OT attenuated activation to CC outcomes among women in both studies, including VLPFC, rostral ACC, post central gyrus, posterior insula, and most prominently the VTA. We also found that the baseline VTA response to reciprocated cooperation in the PBO condition predicted the strength of the OT attenuation effect in VTA. However, it is possible that this effect represents regression to the mean rather than an effect of OT. The current study also revealed an effect not previously detected in the cross-sectional study. OT prevented amygdala habituation to CD outcomes in men.
Consistent with our previous cross-sectional study (Feng et al., 2015a) , our current withinsubject study reveals no effect of OT on cooperative behavior after correction for multiple comparisons. Some previous studies have found INOT to increase cooperative behavior, however these effects depend on the participant's attachment style (Bartz et al., 2011) . For example, intranasal OT increased cooperation among men who were high rather than low in attachment avoidance (De Dreu, 2012b) . We did not characterize the attachment style of the participants in our study, so we are unable to evaluate the potential influence of attachment style on neural and behavioral responsiveness to OT.
Our most robust neuroimaging finding in this study is that OT attenuates the BOLD response to CC outcomes in the VTA among women. Dopamine neurons in the VTA track both reward and reward prediction errors as well as motivational salience (Schultz, 2013) . A human fMRI study similarly implicates the VTA in these functions (Bunzeck and Duzel, 2006) . Thus, INOT may be decreasing the reward or salience of CC outcomes among women. These findings parallel results from hamsters, in which OT administration in the VTA has been shown to decrease social reward in females, while increasing social reward in males (Borland et al., 2016) . In contrast to our findings, Groppe et al. (Groppe et al., 2013) found OT to significantly enhance VTA activation in response to cues signaling social reward or social punishment among women, and Gregory et al. (Gregory et al., 2015) found OT to increase the VTA response to infant and sexual stimuli in nulliparous and postpartum women. The discrepancy may be attributable to the use of different stimuli or to different experimental designs. While Groppe et al. focused on the response to cues that predicted friendly or angry faces, our study focuses on the reaction to positive and negative dyadic social interactions. Moreover, of the three studies, only ours utilized a within-subject design. Finally, it is worth noting that the statistical thresholds applied in the current study are more stringent (whole brain FWE-corrected cluster p < 0.05 with voxel-wise p < 0.001) than those used in the other two studies.
In men, the amygdala habituated to CD outcomes from scan 1 to scan 2 in the PBO-PBO group. However, OT treatment at scan 2 prevented this habituation, suggesting that INOT sustains the salience of negative social interactions among men. We previously reported that OT treatment attenuated amygdala activation at scan 1 in a cross-sectional design (Chen et al., 2016) . This suggests that OT has opposing effects on amygdala activation at scan 1 vs. scan 2. One possible explanation for these opposing effects is that OT effects on amygdala activation depend on the degree of novelty/familiarity with the stimulus. Another possibility is that the partner is re-conceptualized from an ingroup to an outgroup member across the two scans and that OT elicits different effects depending on the ingroup-outgroup perception of the partner, as previously reported (De Dreu, 2012a; De Dreu et al., 2010) . The putative human partner is actually a computer algorithm that fails to reciprocate the player's cooperation one-third of the time. After the game, participants rate that partner significantly lower on the question "how good of a friend would this partner be?" compared with a different partner they face as player 2 who always reciprocates cooperation (men scan 1: player 1 = 4.9, player 2 = 8.0, t(44) = −9.7, p < 0.001; men scan 2: player 1 = 4.8, player 2 = 7.9, t(44) = −9.0, p < 0.001). Thus, it is possible that the partner is initially conceptualized as an ingroup member but comes to be conceptualized as an outgroup member by virtue of their limited cooperation during scan 1. This would imply that OT decreases the salience of negative social interactions with ingroup members while increasing the salience of negative social interactions with outgroup members.
In addition to OT not attenuating amygdala activation to CD outcomes in men, other findings from our cross-sectional study did not replicate in this within-subject study. These include OT attenuation of anterior insula activation to CD outcomes in men, OT augmentation of the caudate nucleus response to CC outcomes in men, and OT attenuation of the caudate nucleus response to CC outcomes in women. As mentioned above, one potential explanation for the discrepancy is that OT has different effects as stimuli become more familiar (i.e., at scan 2). Another possibility is that our within-subject design was not as well-powered as our cross-sectional study. However, further analysis would seem to rule out this possibility. For CC outcomes, in men, our cross-sectional sample size (42 OT, 48 PBO) provides 89.3% power to detect an effect of 0.13% BOLD signal change (Cohen's d = 0.68) within the caudate. For the same effect size, the within-subject study only requires a sample of 24 to obtain equal power. For CD outcomes, in men, our cross-sectional sample size (41 OT, 47 PBO) provides 97.5% power to detect an effect of 0.41% signal change (Cohen's d = 0.85) within the amygdala. It also provides 80% power to detect an effect of 0.16% signal change (Cohen's d = 0.61) within the anterior insula. For the same effect sizes, the within-subject study requires a sample of only 24 and 14 to achieve equivalent power. Because our current study employs an effective sample of 28 (13 OT-PBO, 15 PBO-OT), inadequate power cannot explain the unobserved findings. Another possible explanation for the lack of replication is that our initial results with the cross-sectional sample were false positives. This is more likely to be the case for OT attenuation of amygdala activation and OT augmentation of nucleus accumbens activation since these results are only present at a voxel-wise threshold of p < 0.05 along with a cluster threshold of p < 0.05 FWE corrected, which recent simulations suggest may not adequately control false positive rates (Eklund et al., 2016) . On the other hand, we previously observed sex differences in OT modulation of caudate nucleus activation using a voxel-wise threshold of p < 0.001 along with a cluster threshold of p < 0.05 FWE corrected (Feng et al., 2015a) more consistent with recent recommendations (Eklund et al., 2016) . Nevertheless, even the former results are consistent with known OT effects in rodents, in which OT decreases the firing frequency of central amygdala neurons (Huber et al., 2005) and synergizes with DA in the ventral striatum to promote social bonding (Numan, 2007; Ross and Young, 2009 ). Thus, we believe our initial cross-sectional findings are unlikely to be false positives, particularly for the caudate nucleus, and we therefore favor the explanation that OT effects vary as a function of stimulus familiarity.
Our findings also have potential clinical implications. Recently, there has been interest in OT as a possible treatment for anxiety disorders (Hurlemann and Scheele, 2016; Macdonald and Feifel, 2014; Meyer-Lindenberg et al., 2011; Striepens et al., 2011) . Anxiety disorders are associated with amygdala hyperactivity (Etkin and Wager, 2007) , which INOT can normalize (Labuschagne et al., 2010) . Moreover, OT has anxiolytic effects in both humans and non-human animals (Heinrichs et al., 2003; Neumann, 2008) . However, our results show that the effect of OT on amygdala responses to a social stressor in the form of unreciprocated cooperation are not straightforward. While OT attenuates amygdala activation at initial exposure to the unreciprocated cooperation (scan 1), it actually augments amygdala activation in a subsequent negative encounter with the same individual. This raises the possibility that OT could actually exacerbate fear and anxiety in some circumstances. Specifically, the fact that OT prevented habituation to a social stressor raises the possibility that OT may prevent extinction of some conditioned fear stimuli, which might impair recovery from PTSD. While some studies have found INOT to accelerate extinction of conditioned fear in humans (Eckstein et al., 2015) , others have found it to interfere with extinction (Acheson et al., 2015) . Future studies should attempt to identify variables that can explain these contrasting effects on extinction of conditioned fears. We also found that INOT decreased the VTA response to reciprocated cooperation among women, suggesting that it decreases the salience of positive social interactions among women. This was our most statistically robust finding. Given that positive social interactions signal social support that has known stress-buffering effects (Jaremka et al., 2013; Lakey et al., 1994) , these data suggest that OT could negatively impact women with depression and other anxiety disorders. Indeed, although some INOT clinical trials have shown symptom improvement (Guastella et al., 2009; Hall et al., 2012) , one study found that INOT actually increased anxiety (MacDonald et al., 2013) . Further research is needed to evaluate whether treating anxietydisordered patients with oxytocin is warranted. 
